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ENGINE CONTROL SYSTEM, VEHICLE HAVING THE SAME, METHOD FOR 
CALCULATING FUEL CENTER OF GRAVITY, AND METHOD FOR 
CONTROLLING ENGINE 

CROSS-REFERENCE TO RELATED APPLICATIONS 
[0001] This application is a U.S. National Phase application of International 
Application No. PCT/JP2005/001378, filed February 1, 2005, which is based upon and 
claims priority to Japanese Patent Application No. 2004-025547, filed February 2, 2004 each 
of which is hereby incorporated by reference in its entirety. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

[0002] The present invention relates to an engine control system, a vehicle having 
the same, a method for calculating the fuel center of gravity of an engine, and a method for 
controlling an engine. 
Description of the Related Art 

[0003] A well-known method for optimizing the ignition timing of spark ignition 
internal combustion engines is a method of determining ignition timing on the basis of 
negative ion current in the cylinder (e.g., JP-A-6-33855). In the method disclosed in Patent 
Document 1, negative ion current flowing in the cylinder directly after ignition is measured, 
and the time from the ignition at which the value of the negative ion current becomes the 
maximum is determined. Then the time difference between the determined time and 
minimum spark advance for best torque (MBT) is calculated, and the calculated time 
difference is added to or subtracted from the preceding ignition timing to thereby determine 
the present ignition timing. 

SUMMARY OF THE INVENTION 

[0004] Thus, conventional ignition timing control using negative ion current is 
based on the following assumptions: 

(1) The maximum negative ion current after ignition correlates with combustion 
pressure. 
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(2) The peak of combustion pressure is at 15° after top dead center when the engine 
operates with an MBT (i.e., Maximum Best Timing for torque) ignition timing. 

(3) Therefore, adjusting the ignition timing so that the maximum negative ion current 
is adjusted to 15° after top dead center correlates the ignition timing with MBT. 

[0005] However, the maximum combustion pressure actually depends upon the 
operating conditions of the engine. Assumption (2) therefore is not always true. Specifically, 
for example, at MBT during which combustion speed is low, the ion current peak position 
does occur at 15° after top dead center. Thus, the conventional control does not adequately 
function over a wide operating region. 

[0006] Accordingly, it is an object of one embodiment of the present invention to 
provide a system or method capable controlling ignition timing to better agree with MBT 
timing over a wide range of operating conditions to thereby increase fuel efficiency, reduce 
exhaust gas, and/or improve drivability without measuring torque and combustion pressure. 

[0007] One aspect of an embodiment of the present invention relates to an engine 
control system arranged and configured in accordance with certain features, aspects and 
advantages of the present invention comprises an ion current measuring unit that is adapted to 
measure the negative ion current in a combustion chamber of an engine. The system also 
comprises a crank-angle measuring unit that is adapted to measure an engine crank angle. 
The system also comprises a controller that is adapted to control the engine on the basis of a 
first crank angle at which an increase rate of the negative ion current relative to the crank 
angle exceeds a first specified value and a second crank angle at which the increase rate 
becomes a second specified value after exceeding the first specified value. 

[0008] Another aspect of an embodiment of the present invention relates to a 
method for calculating a fuel center of gravity of an engine. The method comprises: 
measuring a negative ion current in a combustion chamber of the engine; determining a first 
crank angle at which an increase rate of the negative ion current relative to the engine crank 
angle exceeds a first specified value; determining a second crank angle at which the increase 
rate becomes a second specified value after exceeding the first specified angle; and 
calculating the fuel center of gravity from the first crank angle and the second crank angle. 
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[0009] A further aspect of the present invention relates to a method for controlling 
operation of an engine. The method includes the steps of: measuring a negative ion current in 
a combustion chamber of the engine; determining a first crank angle at which the increase 
rate of the negative ion current relative to an engine crank angle exceeds a first specified 
value; determining a second crank angle at which the increase rate becomes a second 
specified value after exceeding the first specified angle; and controlling the engine on the 
basis of the first crank angle and the second crank angle. 

[0010] Another aspect of the present invention relates to configurations in which 
the first specified value defines a rising point and the second specified value defines a peak 
point of the negative ion current on a negative ion current characteristic curve. Thus, as 
distinct from the control or calculation based only on the peak point of negative ion current, 
control is improved even when the peak point shifts as the operating state changes. 
Accordingly, the ability to adjust the ignition timing to approximate MBT is improved over a 
wide operating region without necessarily measuring torque and combustion pressure. 
BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] These and other features, aspects and advantages of the present invention 
will now be described with reference to the drawings of a preferred embodiment, which 
embodiment is intended to illustrate and not to limit the invention. The figures comprise nine 
drawings. 

[0012] Fig. 1 is a side view of a motorcycle according to an embodiment. 
[0013] Fig. 2 is a schematic diagram of an engine. 

[0014] Fig. 3 is a characteristic diagram of negative ion current and combustion 
pressure plotted against crank angles. 

[0015] Fig. 4 shows two different characteristic curves of negative ion current 
plotted against crank angles. 

[0016] Fig. 5(a) shows characteristic curves for heat rate and combustion mass 
ratio while Fig. 5(b) shows a characteristic curve for negative ion current. 

[0017] Fig. 6 is a graph showing the relationship between engine speed and 
ignition timing, and fuel center of gravity and so on. 
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[0018] Fig. 7 is a graph showing the relationship between ignition timing and 
torque, fuel center of gravity and so on. 

[0019] Fig. 8 is a graph showing the relationship between ignition timing and 
torque, fuel center of gravity and so on. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0020] An embodiment that is arranged and configured in accordance with certain 
features, aspects and advantages of the invention will be described with reference to the 
drawings. 

[0021] Referring to Fig. 1, a vehicle according to the embodiment is a vehicle 
comprising an engine 1, specifically, a motorcycle 100, which is a kind of saddle-type 
vehicle. The motorcycle 100 comprises a body 101, a front wheel 102, and a rear wheel 103. 
The body 101 comprises an air intake port 104, an air cleaner 105, the engine 1, and a muffler 
106. The air intake port 104 and the air cleaner 105 can be connected via an intake duct 107. 
The air cleaner 105 and the engine 1 can be connected via an intake pipe 108. The engine 1 
and the muffler 106 can be connected via an exhaust pipe 109. 

[0022] The engine 1 preferably is a spark-ignition internal combustion engine, 
which is, in this embodiment, a water-cooled four-cycle multiple cylinder type. 
Alternatively, the engine 1 can be an air-cooled type. The number of cylinders of the engine 
1 is not limited but may be, for example, one in certain embodiments. 

[0023] Referring to Fig. 2, the engine 1 comprises a crankcase 2, a cylinder block 
3 connected to the crankcase 2, a cylinder head 4 fixed onto the cylinder block 3, and a head 
cover (not shown) connected to the cylinder head 4. The cylinder block 3 comprises a 
cylinder bore 3a therein, in which a piston 6 is disposed. The piston 6 connects to a 
connecting rod 7. The connecting rod 7 connects to a crankshaft 8 disposed in the crankcase 
2. 

[0024] The cylinder head 4 comprises a recess 4a on the surface adjacent to the 
cylinder block 3. The recess 4a, the piston 6, and the cylinder bore 3 a define a combustion 
chamber 5. The cylinder head 4 comprises an intake valve opening 4b and an exhaust valve 
opening 4c which are open to the recess 4a. The cylinder head 4 also comprises an intake 
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valve 9 and an exhaust valve 10 for opening and closing the intake valve opening 4b and the 
exhaust valve opening 4c, respectively. 

[0025] The intake valve 9 and the exhaust valve 10 can be opened or closed by an 
intake camshaft 1 1 and an exhaust camshaft 12, respectively. The intake camshaft 1 1 and the 
exhaust camshaft 12 preferably connect to a variable valve timing mechanism 13. The 
variable valve timing mechanism 13 receives a valve-timing control signal a from an engine 
control unit (hereinafter, referred to as an ECU) 16 to control the open-close timing of the 
intake valve 9 and the exhaust valve 10 by the intake camshaft 11 and the exhaust camshaft 
12, respectively. 

[0026] An ignition plug 14 can be placed in the cylinder head 4. The ignition 
plug 14 can be disposed substantially at the center of the recess 4a. The electrode of the 
ignition plug 14 can be exposed to the inner surface of the recess 4a. The ignition plug 14 
preferably connects to an igniter 15. The igniter 15 receives an ignition-timing control signal 
b from the ECU 16 to control the spark generation timing of the ignition plug 14. 

[0027] In one presently preferred embodiment, the ignition plug 14 
advantageously comprises a negative ion current probe. The ignition plug 14 connects to a 
positive electrode 17a of a battery 17. A negative electrode 17b of the battery 17 preferably 
connects to the cylinder head 4 via a wattmeter 18 for grounding. Thus, the ignition plug 14 
generally is positively charged. In some embodiments, the negative ion current probe may be 
provided separately. 

[0028] The engine 1 preferably comprises a crank-angle sensor 19 and a knock 
sensor 20 for detecting knocking. Detection signals from the crank-angle sensor 19 and the 
knock sensor 20 can be input to the ECU 16. As will be described later, when knocking is 
detected by the knock sensor 20, the ignition timing control by the ECU 16 can be adjusted to 
reduce or eliminate the knocking. 

[0029] The negative ion current generated in the combustion chamber 5 varies as 
combustion progresses. Specifically, when the ignition plug 14 ignites the air fuel mixture in 
the combustion chamber 5, a first chemical action is activated. The first chemical reaction 
causes electrons in atoms or molecules to collide with one another, which generates energy. 
The atoms or molecules thus become excited, which causes sufficient heat generation to shift 
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to an energy state higher than a normal stable state. In the excited state, chemical light 
emissions in ultraviolet ray spectrum occurs, which results in an increase in positive ions. As 
a result, the negative ion current in the combustion chamber 5 increases. The negative ion 
current is collected by the ignition plug 14 (i.e., the negative ion-current probe) and the value 
detected by the wattmeter 18 is input into the ECU 16. 

[0030] Fig. 3 shows characteristic curves of negative ion current E and 
combustion pressure P plotted against crank angles. As shown in Fig. 3, the characteristic of 
the negative ion current E exhibits almost the same tendency as that of the combustion 
pressure P. In other words, the negative ion current E peaks as substantially the same crank 
angle as the combustion pressure P peaks. The negative ion current E can therefore be used 
as information indicative of changes in combustion pressure P, flame area, or heat generation. 

[0031] However, the crank angle at which the combustion pressure P becomes the 
maximum depends on the operating state of the engine 1 . Accordingly, the peak position of 
the negative ion current E depends on the operating state of the engine 1 (refer to Fig. 4, 
which is merely a conceptual diagram for explanation, and is not based on actual 
measurement data). Therefore, the control based only on the peak position of the 
characteristic curve of the negative ion current E cannot flexibly cope with changes in engine 
load, so that it cannot be applied to a wide variety of operating state. 

[0032] However, the inventor has realized the following points. Specifically 
speaking, as has been described, even when the ignition timing is at MBT, the characteristic 
curve of the negative ion current E varies as the operating state of the engine 1 varies (refer to 
curves El and E2 of Fig. 4), so that the crank angle corresponding to the peak position of the 
characteristic curve changes. However, crank angles that change little even if the operating 
state changes can be calculated from a plurality of crank angles corresponding to a plurality 
of points on the characteristic curve, such as crank angles corresponding to a fuel center of 
gravity. In other words, some intersections between a set crank angle and the characteristic 
curve are generally consistent with respect to the detected negative ion current. Point P0 in 
Fig. 4 indicates an intersection corresponding to such a crank angle. Controlling based on 
this crank angle enables flexible response to fluctuations in load, allowing control applicable 
to wide operating regions without necessarily measuring torque and combustion pressure. 
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[0033] A specific example of the control will be described hereinbelow. An 
operation control that can be used to adjust ignition timing to MBT will first be described. 

[0034] Fig. 5(b) shows a variation of the negative ion current E plotted against 
crank angles; Fig. 5(a) shows variations in heat rate D and combustion mass ratio F also 
plotted against crank angles. Referring to Fig. 5(b), symbol A indicates a crank angle for an 
ignition point; symbol B indicates a crank angle for any rising point of the ion current on the 
ion-current curve (hereinafter, referred to as a first crank angle); and symbol C indicates a 
crank angle for any peak point of the ion current (hereinafter, referred to as a second crank 
angle). 

[0035] As can be inferred from the graphical presentation shown in Fig. 5(a) and 
Fig.(b), at the rising point crank angle, the ion current increase changes from less that a 
specified value (hereinafter, referred to as a first specified value) to an ion current increase 
value that is more than that first specified value. In other words, the slope of the line E in 
Fig. 5(b) increases from the first value to a value more than the first value. At the peak of the 
ion current, the ion current increase falls from the first specified value or a value higher than 
the first specified value to a second specified value (hereinafter, referred to as a second 
specified value, which may be different from or equal to the first specified value) or a value 
lower than the second specified value. In other words, at the peak of the ion current, the 
slope of the line E decreases from a value equal to or greater than the first specified value to a 
value equal to or less than a second specified value. Accordingly, the point at which the 
increase rate becomes the first specified value or a value higher than the first specified value 
can be referred to as a rising point, and the point at which the increase rate becomes the first 
specified value and then becomes the second specified value or a value less than the second 
specified value can be referred to as a peak point. The method for determining the rising 
point and the peak point is not limited at all. For determining the rising point and the peak 
point, there is no need to calculate the actual increase; for example, the rising point and the 
peak point can be determined by comparing the values of the ion current and a predetermined 
threshold. 

[0036] In the illustrated embodiment, the first crank angle B is set to a crank angle 
corresponding to the rising point of the ion current curve, and the second crank angle C is set 
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to a crank angle generally corresponding to the peak point of the ion current curve. The first 
crank angle B and the second crank angle C, however, may not exactly agree with the rising 
point and the peak point, respectively, but may be slightly off the rising point and the peak 
point because of measurement error or disturbance. In short, the first crank angle B and the 
second crank angle C may be substantially regarded as the rising point and the peak point, 
respectively. 

[0037] As shown in Figs. 5(a) and 5(b), the negative ion current generating point 
(the position corresponding to the first crank angle B) generally correlates with the beginning 
of combustion. This point preferably follows an ignition delay time, which follows the 
discharge of the ignition plug 14, and this point preferably is the point at which heat 
generation begins by the start of the initial combustion. The peak point thereafter (the 
position corresponding to the second crank angle C) preferably is substantially the point of 
maximum heat generation during combustion. Accordingly, substantially the midpoint 
thereof is generally estimated to correspond to the fuel center of gravity. 

[0038] The substantially middle point between the first crank angle B and the 
second crank angle C can therefore be regarded as a crank angle (hereinafter, referred to as a 
third crank angle) G, which generally corresponds to the fuel center of gravity. Thus, the fuel 
center of gravity can be calculated from the first crank angle B and the second crank angle C. 
As will be described later, when the ignition timing is at MBT, the fuel center of gravity does 
not vary greatly even if the load varies. Accordingly, in this embodiment, the ECU 16 presets 
the crank angle corresponding to the fuel center of gravity at MBT as a target crank angle, 
and controls the ignition timing of the igniter 15 so that the third crank angle determined by 
measuring the negative ion current agrees with the target crank angle. 

[0039] When the ignition timing is at MBT, the fuel center of gravity does not 
vary greatly by load fluctuations. Accordingly, the target crank angle may be set without 
much variation caused by engine load. In some embodiments, the target crank angle may be 
a fixed value. On the other hand, the target crank angle may depend on the operating 
characteristics of the engine 1, or may be appropriately varied on the basis of an operational 
expression (e.g., function or mathematical equation) or a table containing parameters. 



[0040] Fig. 6 shows the relationship between engine speed and ignition timing, 
fuel center of gravity, and so on. As discussed above, the fuel center of gravity preferably is 
calculated from the first crank angle B and the second crank angle C. Referring to Fig. 6, the 
first crank angle B, the second crank angle C, and the third crank angle G indicate "ignition 
angle", "the end of combustion", and "the fuel center of gravity", respectively. The interval 
between A and B indicates an ignition delay period, and the interval between B and C 
indicates a combustion period. In this embodiment, the target crank angle corresponding to 
the fuel center of gravity preferably is set at about 1-5° before top dead center. The ignition 
timing is feed-back controlled so that the third crank angle G becomes the target crank angle 
(1-5° before the top dead center). Depending upon the application, there may be some 
variation in the target crank angle. 

[0041] Fig. 7 shows the relationship between ignition timing and torques and fuel 
center of gravity, and so on. As shown in Fig. 7, the torque depends on ignition timing, and 
becomes the maximum when the ignition timing is at MBT. On the other hand, as the 
ignition timing advances to the top dead center, the fuel center of gravity shifts from the 
position of after top dead center to the position of before top dead center. The torque 
therefore increases as the fuel center of gravity moves from the position of after top dead 
center to the position of before top dead center, and becomes the maximum when the fuel 
center of gravity is about at 2-3° before the top dead center, and in turn decreases as the fuel 
center of gravity moves toward the before top dead center. 

[0042] The graph shows that when the ignition timing is controlled so that the 
third crank angle G (a crank angle corresponding to the fuel center of gravity) becomes about 
2-3° before top dead center, the ignition timing becomes about 35-36° before top dead center, 
so that the ignition timing generally agrees with MBT. 

[0043] As has been described, by the control according to the embodiment, the 
target value of the third crank angle G does not vary significantly due to variations in the 
operating state. Accordingly, in the case of complicated varying of the lift amount and the 
open-close timing of the intake valve 9, or in the case of simply varying the engine load 
conditions such as engine rotation speed and throttle opening, the ignition timing can easily 
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be brought into general alignment with MBT by the above-described control using the 
measurement of the negative ion current in the combustion chamber 5. 

[0044] An experiment by the inventor shows that, for example, for MBT at a 
specific operating state x of a specific internal combustion engine, the first crank angle B at 
which a negative ion current at the beginning of combustion occurs at about 11° before top 
dead center, and the second crank angle C at which the negative ion current peaks thereafter 
occurs at about 9° after top dead center. The difference between the second crank angle C 
and the first crank angle B was about 20°, and the third crank angle G in the center thereof 
was about 10° after the first crank angle B, or about 1° before top dead center. 

[0045] Then, for the internal combustion engine, the third crank angle G was 
measured under different load conditions. Specifically, the load conditions were changed by 
changing the throttle opening or rotation speed. The measurement of the third crank angle 
(the angle in the middle between the first crank angle B and the second crank angle C) G 
shows that, although the rising point and the peak point of the negative ion current curve 
varies, the third crank angle G is always about 1° before top dead center under any load 
condition. Briefly, with the internal combustion engine, the third crank angle G at which the 
ignition timing is at MBT was substantially the same at all load conditions. For example, the 
comparison between Figs. 7 and 8 indicating torque characteristic etc. under different load 
conditions shows that the third crank angles G at which the ignition timing generally agrees 
with MBT are both about 1° before top dead center. 

[0046] Under the same conditions of bore/stroke ratio and connecting rod ratio 
(X), the combustion speed changes as the rotation speed and load of the engine 1 change, so 
that the first crank angle B and the second crank angle C determined from the negative ion 
current changes. However, the third crank angle G corresponding to the fuel center of gravity 
is held substantially constant at MBT. 

[0047] Conventionally, heat generation has been estimated from pseudo 
combustion mass ratio converted from combustion pressure. According to the estimation, 
about 30% of the entire heat generation distribution at MBT has been estimated to be located 
before top dead center, while the remaining 70% has been estimated to be located after top 
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dead center, and the fuel center of gravity has been estimated to be located after top dead 
center. 

[0048] However, by the method for calculating fuel center of gravity according to 
the embodiment, the fuel center of gravity is in the vicinity of top dead center, or more 
specifically, 1-5° before top dead center. The difference may be by the following reasons: 
most of negative ions during combustion generate at the excitation of cool flame and blue 
flame. However, the heat generation determined from combustion pressure is the result of 
light emission of amplitude transition, such as flaming reaction after cool flame and blue 
flame, or solid-state radiation around infrared rays. Accordingly, the conventional method 
takes little thought of the excitation, so that the fuel center of gravity determined from 
combustion pressure may be delayed behind the fuel center of gravity based on the negative 
ion current as in the embodiment. 

[0049] The control method according to one embodiment of the present invention 
is a method of controlling the engine 1 by measuring a negative ion current, which is 
unpaired electrons, during true combustion and controlling the engine 1 on the basis of the 
negative ion current, not by estimating an instantaneous value of the thermal conductivity of 
combustion gas from combustion pressure as in the past. Thus, the embodiment can reduce 
errors in calculating the fuel center of gravity, thus increasing control accuracy. Also, the 
embodiment can facilitate control of the engine 1 without a dedicated sensor in the 
combustion chamber 5. 

[0050] While the control according to the embodiment is such that ignition timing 
is adjusted to MBT so as to obtain a maximum torque, other configurations are possible. For 
example, in an operating state in which knocking may occur, knocking can be reduced or 
prevented by disabling the control or by setting the target value of the third crank angle G 
later than the target value of the embodiment (a target value for MBT). It is also possible to 
reduce or prevent knocking by detecting knocking with the knock sensor 20, and disabling 
the control according to the detection result or by setting the target value of the third crank 
angle G to a delayed position. 

[0051] The fuel center of gravity by the negative ion current varies significantly at 
flame off due to exhaust gas recirculation (EGR) in which exhaust gas is recirculated in 



11 



intake gas, a lean-burn air-fuel ratio state, or a stratified-charge combustion state. Thus, it is 
also possible to control the EGR rate and air-fuel ratio on the basis of the fluctuations of the 
fuel center of gravity per unit time to prevent flame off. In short, the control according to the 
invention may also be used to reduce or prevent the flame off of the engine 1. 

[0052] For EGR (since the structure for EGR is well known, a description thereof 
will be omitted), it is possible to calculate a third crank angle corresponding to the fuel center 
of gravity by the above-described method, and calculate the fluctuation of the third crank 
angle, and to control the EGR rate such that the EGR rate is decreased with increases in the 
sensed fluctuations. This enables control of the EGR rate without a specific sensor and can 
reduce or prevent flame off of the engine 1. 

[0053] It is also possible to calculate a third crank angle corresponding to the fuel 
center of gravity by the above-described method, and calculate the fluctuation of the third 
crank angle, and to control the open-close timing of the intake valve 9 and the exhaust valve 
10 of the engine 1 so that the overlap period of the intake valve 9 and the exhaust valve 10 
decreases with increasing fluctuation. This enables control of valve timing without a specific 
sensor and can prevent flame off of the engine 1. 

[0054] According to one embodiment, ignition timing can be correlated to MBT 
under a variety of operating states, including decreased combustion speed, thereby improving 
fuel efficiency, decreasing exhaust gas, and increasing drivability. Also, with a variable 
valve timing mechanism that controls the lift amount and open-close timing of an intake 
valve or when engine load conditions, such as rotation speed and throttle opening, are simply 
varied, fro example, the ignition timing can easily be adjusted to MBT, allowing an optimum 
or preferable combustion state to be achieved. Also, controlling ignition timing so that fuel 
center of gravity is delayed behind MBT can reduce or eliminate knocking and reduce the 
generation of NOx components in the exhaust gas. 

[0055] The calculation of the fuel center of gravity and operation control 
according to the embodiment are based on the characteristic of negative ion current for a 
crank angle sensed by the crank-angle sensor 19. However, the "crank angle" of the 
invention is nothing but a parameter indicative of the process of combustion; parameters that 
may be technical equivalents or proxies to the crank angle can also be regarded as the "crank 
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angle". This is because such parameters have generally one-to-one correspondence with the 
crank angle. Accordingly, for example, it is also possible to specify the rising point of 
negative ion current on the basis of the actual crank angle, while specifying the peak point on 
the basis of another parameter (e.g., elapsed time) other than the actual crank angle. 

[0056] Although the operation control system for the engine 1 according to the 
illustrated embodiment is mounted to the motorcycle 100, the engine control system is not 
necessarily mounted to vehicles. For example, the operation control system may be mounted 
to engine testing units, performance evaluation units, or applicable tools/ Certain features, 
aspects and advantages of the present invention have advantages in vehicular application, for 
example, in vehicles such as motorcycles and in the control of the engines of such vehicles. 
Moreover, although the present invention has been described in terms of a certain 
embodiment, other embodiments apparent to those of ordinary skill in the art also are within 
the scope of this invention. Thus, various changes and modifications may be made without 
departing from the spirit and scope of the invention. For instance, various components may 
be repositioned as desired. Moreover, not all of the features, aspects and advantages are 
necessarily required to practice the present invention. Accordingly, the scope of the present 
invention is intended to be defined only by the claims that follow. 
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